Olfactory projection neurons convey information from the insect antennal lobe (AL) to higher brain centers. Previous reports have demonstrated that pheromone-responsive projection neurons with cell bodies in the moth medial cell cluster (mcPNs) predominantly have dendritic arborizations in the sexually dimorphic macroglomerular complex (MGC) and send an axon from the AL to the calyces of the mushroom body (CA) as well as the lateral horn (LH) of the protocerebrum via the medial AL tract. These neurons typically exhibit a narrow odor tuning range related to the restriction of their dendritic arbors within a single glomerulus (uniglomerular). In this study, we report on the diverse physiological and morphological properties of a group of pheromone-responsive olfactory projection neurons with cell bodies in the AL lateral cell cluster (MGC lcPNs) of two closely related moth species. All pheromone-responsive lcPNs appeared to exhibit "basket-like" dendritic arborizations in two MGC compartments and made connections with various protocerebral targets including ventrolateral and superior neuropils via projections primarily through the lateral AL tract and to a lesser extent the mediolateral antennal lobe tract.
Abstract
Olfactory projection neurons convey information from the insect antennal lobe (AL) to higher brain centers. Previous reports have demonstrated that pheromone-responsive projection neurons with cell bodies in the moth medial cell cluster (mcPNs) predominantly have dendritic arborizations in the sexually dimorphic macroglomerular complex (MGC) and send an axon from the AL to the calyces of the mushroom body (CA) as well as the lateral horn (LH) of the protocerebrum via the medial AL tract. These neurons typically exhibit a narrow odor tuning range related to the restriction of their dendritic arbors within a single glomerulus (uniglomerular) . In this study, we report on the diverse physiological and morphological properties of a group of pheromone-responsive olfactory projection neurons with cell bodies in the AL lateral cell cluster (MGC lcPNs) of two closely related moth species. All pheromone-responsive lcPNs appeared to exhibit "basket-like" dendritic arborizations in two MGC compartments and made connections with various protocerebral targets including ventrolateral and superior neuropils via projections primarily through the lateral AL tract and to a lesser extent the mediolateral antennal lobe tract.
Physiological characterization of MGC lcPNs also revealed a diversity of response profiles including those either enhanced by or reliant upon presentation of a pheromone blend. These responses manifested themselves as higher maximum firing rates and/or improved temporal resolution of pulsatile stimuli. MGC lcPNs therefore participate in conveying diverse olfactory information relating to qualitative and temporal facets of the pheromone stimulus to a more expansive number of protocerebral targets than their mcPN counterparts.
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| INTRODUCTION
Olfactory sensory neurons (OSNs) located in cuticular hairs covering insect antennae, called sensilla, project axons into the brain and form arbors restricted to olfactory glomeruli in the antennal lobe (AL) (Hildebrand, 1996) . OSNs form synaptic connections in the AL with local interneurons (LNs) and projection neurons (PNs) that relay olfactory information from the AL to the protocerebrum. In the large sphingid hawkmoth, Manduca sexta, initial studies revealed three primary AL cell clusters and their relationships to three main projection tracts connecting the AL to the protocerebrum. PNs with somata in the medial and anterior cell clusters were associated with only the dorsal root of the medial antennal lobe tract (mALT), whereas PNs with cell bodies in the lateral cluster projected through the mALT (ventral root), mediolateral ALT (mlALT), and lateral ALT (lALT) Seong-Gyu Lee and Christine Fogarty Celestino authors contributed equally to this work. (Matsumoto & Hildebrand, 1981; Homberg, Montague, & Hildebrand, 1988 , original nomenclature modified to take into account new AL output tract names by Ian, Berg, Lillevoll, & Berg, 2016 to conform with the current Drosophila-based insect brain map, Ito et al., 2014) .
Investigations of PNs in many different moth species have
included the evaluation of neurophysiological responses to stimulation with pheromonal odors often partnered with morphological characterization of individual neurons through staining of their AL dendritic arborizations and terminal target arbors in the protocerebrum (e.g., Christensen & Hildebrand, 1987; Kanzaki, Arbas, Strausfeld, & Hildebrand, 1989; Kanzaki, Soo, Seki, & Wada, 2003; Christensen, Mustaparta, & Hildebrand, 1991; Hansson, Christensen, & Hildebrand, 1991; Hansson, Anton, & Christensen, 1994; Anton, Löfstedt, & Hansson, 1997; Lei & Hansson, 1999; Vickers, Christensen, & Hildebrand, 1998; Vickers & Christensen, 2003; Heinbockel, Christensen, & Hildebrand, 2004; Reisenman, Christensen, Francke, & Hildebrand, 2004; Zhao & Berg, 2010; Zhao et al., 2014) .
Male moth PNs sensitive to compounds predominantly found in conspecific female pheromone blends have dendritic arborizations in the sexually dimorphic cluster of glomeruli known as the macroglomerular complex (MGC) of the AL (Hildebrand, 1996; Homberg et al., 1988; Matsumoto & Hildebrand, 1981) .
Many studies in different moth species have demonstrated that MGC PNs typically exhibited uniglomerular dendritic arborizations, responded primarily to single pheromonal odorants, had medial clusterassociated somata and projected through the mALT first to the calyces of the mushroom body (CA) before terminating in the lateral neuropils of the medial protocerebrum such as the lateral horn (LH) (e.g., Anton et al., 1997; Christensen et al., 1991; Kanzaki et al., 1989; Kanzaki et al., 2003; Lee, Poole, Linn Jr., & Vickers, 2016; Vickers et al., 1998; Vickers & Christensen, 2003; Zhao et al., 2014; Zhao & Berg, 2010) .
These neurons are consistent with the Pm_a type neuron and are denoted herein as Pm_a(MGC) (modified from after Homberg et al., 1988) . Although many of the neurons with somata located within the lateral cluster (lc) are intrinsic inhibitory local interneurons (LNs) that do not extend an axon beyond the AL (Christensen, Waldrop, Harrow, & Hildebrand, 1993; Homberg et al., 1988) various anatomical studies have shown that the lc includes PNs also exiting the AL along mALT, as well the mlALT or lALT (M. sexta: Homberg et al., 1988; Heliothis virescens: Rø, Müller, & Mustaparta, 2007; Zhao et al., 2014; Ian, Zhao, Lande, & Berg, 2016) herein referred to generally as lcPNs. However, our understanding of the function of MGC lcPNs in moth pheromone processing is extremely limited primarily because we have very few examples of neurons in which morphological characteristics have been directly coupled with neurophysiological responses to olfactory stimulation.
A large number of studies have included occasional information on lcPN morphological and/or neurophysiological characteristics in male and female moths across a wide diversity of species. (Anton et al., 1997; Hansson et al., 1994; Heinbockel et al., 2004; Heinbockel, Kloppenburg, & Hildebrand, 1998; Kárpáti, Dekker, & Hansson, 2008; Kárpáti, Olssen, Hansson, & Dekker, 2010 & Hansson, 1996) . In heliothine moths, anatomical and neurophysiological lcPN features have been reported albeit seldomly in H. virescens, Helicoverpa zea, and Heliothis subflexa (Lofaldli, Kvello, Kirkerud, & Mustaparta, 2012; Vickers et al., 1998; Vickers & Christensen, 2003) , H. virescens/H. subflexa hybrids (Vickers, 2006) , and H. virescens/H. zea imaginal disk transplant males (Vickers, Poole, & Linn Jr., 2005) . In addition, some studies of individually stained PNs that did not include neurophysiological responses have yielded important information on their morphological attributes (Ian, Zhao, et al., 2016,b; Rø et al., 2007) . Taken together these studies suggest that MGC lcPNs projecting through mlALT and lALT are distinct from canonical Pm_a(MGC) neurons due to their typically multiglomerular dendritic arborizations and neurophysiological response profiles that often exhibit some form of blend synergy.
In Bombyx mori Kanzaki et al. (2003) reported stains of six MGC lcPNs in which these neurons had multiglomerular dendritic arbors (cumulus and toroid compartments) and projected through either the mlALT or the lALT to an area identified as the inferior lateral protocerebrum (ILPC). Intracellular recording was made from only one lcPN in this study (Kanzaki et al., 2003) . Nitric oxide-induced anti-cGMP immunohistochemistry was used in an ensuing study (Seki, Aonuma, & Kanzaki, 2005) and revealed a conspicuous pyramid-shaped region of the ILPC (ΔILPC). The ILPC was not recognized as a discrete neuropil in the recent detailed reconstructions of the Drosophila brain but was instead determined to encompass parts of several developmentally distinct neuropils including the lateral part of the superior clamp (SCL), the inferior part of the superior lateral protocerebrum (SLP) as well as small superior-most parts of two ventrolateral protocerebral neuropils (VLPN)-the posterior ventrolateral protocerebrum (PVLP) and posterior lateral protocerebrum (PLP) (Ito et al., 2014) . As the ΔILPC region is now recognized to incorporate parts of both inferior and superior neuropils; in the current study, we refer to this area as the Δ-lateral protocerebrum (ΔLP). Intracellular staining of Pm_a(MGC) neurons with Lucifer Yellow revealed a spatial separation of their terminal arbors in both the mushroom body calyx and ΔLP reflecting the location of their uniglomerular MGC dendritic arbors (Seki et al., 2005; Zhao et al., 2014) . No individual lcPNs were stained in either study (Seki et al., 2005) although re-evaluations of lcPNs stained in the previous B. mori study (Kanzaki et al., 2003) revealed that they too arborized in the ΔLP. Recently noted the prominence of a group of lcPNs also following the lALT pathway but instead turning dorsally alongside the α division of the mushroom body vertical lobe (αL) with a "pillar-like" appearance subsequently labeled the "column" (Ian, Zhao, et al., 2016) . Single neuron stains also support the presence of this pathway (Ian, Zhao, et al., 2016; Rø et al., 2007) .
Nonetheless, despite the broad array of species in which lcPNs have been reported, a systematic evaluation of both neurophysiological and morphological properties of individual neurons is lacking for even a single moth species. The closely related species, H. virescens and H. subflexa, have MGC arrangements that are anatomically indistinguishable each consisting of four glomeruli in the same spatial arrangement: three satellite glomeruli located dorsomedial (DM), anteromedial (AM), and ventromedial (VM) of a large cumulus (Vickers et al., 1998; Vickers & Christensen, 2003) . Neurophysiological recordings from olfactory sensory neurons and AL PNs (primarily medial cluster Pm_a neurons) coupled with staining has revealed the relationship between the olfactory pathways into and out of the AL in these species (Berg, Almass, Bjaalie, & Mustaparta, 1998; Hansson, Almaas & Anton, 1995; Lee, Vickers, & Baker, 2006; Vickers et al., 1998; Vickers & Christensen, 2003) . In both species, the cumulus and DM glomerulus are associated with the same primary pheromone component (Z-11-hexadecenal, Z11-16:Ald) and a different but vital secondary component (H. virescens: Z-9-tetradecenal, Z9-14:Ald; H. subflexa: Z-9-hexadecenal, Z9-16:Ald). These similar features make this pair of species amenable to an investigation of the properties of MGC lcPNs.
In this study, we report that MGC lcPNs in H. virescens and H. subflexa males can be categorized into diverse morpho-neurophysiological groups with respect to their responses to individual pheromone components and behaviorally relevant blends (Teal, Heath, Tumlinson, & McLaughlin, 1981; Teal, Tumlinson, & Heath, 1986; Vetter & Baker, 1983; Vickers, 2002; Vickers & Baker, 1997; Vickers, Christensen, Mustaparta, & Baker, 1991) .
These neurons distribute a spectrum of olfactory information to a large number of central brain areas suggesting that they subtend an important role in the protocerebral processing of olfactory information and its integration with inputs from other sensory pathways.
| MATERIALS AND METHODS

| Insects
H. virescens larvae were fed on a modified pinto bean diet (Shorey & Hale, 1965) . H. subflexa males were reared on a corn-soy blend diet Each odorant or blend was loaded onto a 3.5 × 0.5 mm filter paper (Whatman) and hexane solvent was allowed to evaporate before insertion into a cartridge (made from a shortened 1 mL syringe). Cartridges were capped at both ends, placed within a glass vial and stored at −20 C between experiments. Presentation of odor stimuli did not follow a predetermined order but typically started with either a blank or blend cartridge followed by single odorants and then additional blends.
| Electrophysiology
Intracellular recordings were made using sharp electrodes as described previously for heliothine moths Vickers et al., 1998) . Briefly, the male moth was restrained in a shortened pipette tip and secured with dental wax for dissection. The cuticle and musculature were removed from the anterior portion of the head, exposing the brain. After desheathing the AL, the preparation was placed on the electrophysiology rig where it was bathed with physiological saline and After removal and fixation overnight in 2.5% formaldehyde, 3% sucrose in 0.1 M phosphate buffer, brains that were stained with Neurobiotin (Heinbockel et al., 2004) were then incubated in a blocking solution (1% bovine serum albumin, 0.5% Triton X-100 in 0.2 M phosphate buffer solution) overnight, followed by 1:80 streptavidin-Alexa Fluor 555 diluted in blocking solution for 12 hr at 4 C and for 6 hr at RT. After rinsing, both LY and Neurobiotin brains were dehydrated in an ethanol series and cleared with methyl salicylate. In some instances, multiple individual neurons were penetrated sequentially with a Neurobiotin-filled microelectrode and Neurobiotin was injected into several neurons. Preparations were fixed and cleared as described earlier.
| Antibody characterization
The antibody used in this study was the biotin-binding bacterial protein streptavidin covalently bonded to a fluorescent molecule (Alexa Fluor 555) (Invitrogen, Grand Island, NY; Thermofisher Scientific, host unknown polyclonal, Cat# s21381, RRID:AB_2307336, dilution 1:80).
Streptavidin has an extremely high affinity for biotin with a slow dissociation rate (Chilkoti & Stayton, 1995) and has been used widely to label neurons by intracellular injection (e.g., Heinbockel et al., 2004) . when presented singly could be used in these analyses because these neurons were also exposed to blends in which the concentration of Z11-16:Ald was the same. This criterion was true for 9 of the 12 neuronal physiologies documented in the current study (one MGC lcPN responding to Z9-14:Ald and two PNs that responded only to blend stimuli were excluded). For each volley of action potentials elicited by an odor pulse, the latency to onset of the response and peak instantaneous frequency were extracted. Means were calculated for each neuron. A paired t-test was used to compare means across the treatments (Z11-16:Ald/blend) and significance was determined at p < .05.
| Data analysis
| Imaging
Imaging was performed on a Zeiss confocal microscope (LSM 510, Carl
Zeiss, Jena, Germany) using the following filter and beam splitter settings: Post hoc image adjustments were made for brightness and contrast (Zeiss LSM Image Examiner Version 4.2; www.embl.
de/eamnet/html/body_image_browser.html, RRID:SCR_014344) with structure labels and scale bars added using Adobe Illustrator (www.
abode.com/products/illustrator.html, RRID:SCR_010279). No substantive alterations were made to the images themselves.
| Nomenclature
We adhere to the insect brain terminology and acronyms for brain regions proposed by Ito et al. (2014) based on their detailed reconstruction of the Drosophila melanogaster brain and identify corresponding regions in the moth accordingly. 
Blends only
Number of cells recorded from each physiological category is indicated in the "#Cells" column and corresponds to physiological data presented in Figure 2 and 6. Information in the "#Stained neurons" column represents preparations in which a full anatomical characterization was possible (note in all preparations where cells were recorded the presence of at least a stained cell body in the AL lateral cluster was observed). "Multiple" indicates that more than one neuron was stained in a particular preparation. ALT, antennal lobe tract; AVLP, anterior ventrolateral protocerebrum; con., contralateral; Cu, cumulus; ΔLP, delta lateral protocerebrum; DM, dorsomedial glomerulus; ips., ipsilateral; Hv, Heliothis virescens; Hs, Heliothis subflexa; lALT-d, lateral ALT dorsal pathway; lALT-v, lateral ALT ventral pathway; MGC, macroglomerular complex; mlALT, mediolateral ALT; PED, pedunculus; PC, protocerebrum; PLF, posterior lateral fascicle; PVLP, posterior ventrolateral protocerebrum; SIP, superior intermediate protocerebrum.
| RESULTS
Although lcPNs have been shown previously to contribute to all three primary olfactory output pathways, in this study MGC lcPNs were found to populate only two AL output pathways, mlALT and lALT, with no MGC lcPNs exiting the AL via the mALT. In addition to results delineating further anatomical details of these pathways, we report neurophysiological profiles of 12 PNs in nine individuals (six H. virescens and three H. subflexa). In eight of these preparations (five H. virescens and three H. subflexa), neurons were sufficiently stained for morphological characterization (in an additional three preparations only the morphological features of MGC lcPNs are reported). FIGURE 1 Indiscriminate staining of several H. virescens male AL projection neurons with Neurobiotin revealed additional details of olfactory output pathways from lateral cluster projection neurons (lcPNs) associated specifically with MGC glomeruli in the antennal lobe. (a) PNs with cell bodies in the lateral cluster (lc) ramified in the MGC area particularly the cumulus (Cu). At least two canonical medial cluster (mc) PNs, type Pm_a (MGC), were also stained. (b) Axons giving rise to the three primary antennal lobe tracts (medial, mediolateral and lateral ALTs) can be seen. Some fibers constituting the lALT appear to make synaptic contacts in an area known as the isthmus before turning laterally. MGC lcPNs clearly contributed to the mlALT and lALT tracts. (c) The lALT diverged around the great commissure (GC) with one fascicle following a ventral pathway (lALT-v) and proceeding toward the lateral protocerebrum before bifurcating into two main branches that define a delta-shaped region of the lateral protocerebrum (ΔLP = ΔILPC). One branch largely terminated in the area of the PVLP but with some fibers extending posteriorly and dorsally into superior neuropils. Both lALT-v branches were medial of the lateral horn (LH). A second, strongly stained group of fibers projected dorsally (lALT-d) lateral of the pedunculus (PED) into the superior intermediate protocerebrum (SIP) alongside the α division of the mushroom body vertical lobe (αL) eventually diverging around the dorsal-most aspect of this structure. The lateral aspect of this pathway projected posteriorly and turned ventrally in the area of the posterior lateral fascicle (PLF) and back toward ΔLP. The dorsal and ventral lALT pathways thus intermingled alongside PLF. Axons in the mlALT pathway turned toward the lateral protocerebrum and projected directly into an area consistent with the position of posterior ventrolateral protocerebrum (PVLP), posterior of the antennal lobe and anteromedial of LH. Some neurites appeared to overlap with lALT-v MGC lcPNs in this area. (d) The Pm_a(MGC) neurons projecting along mALT axons arborized in the calyces of the mushroom body (CA) before turning posteriorly and dorsally sending terminal branches into an area where they overlapped with arborizations from lALT-v MGC lcPNs. Scale bar = 100 μm, same for all images; d, dorsal, m, medial Neurophysiological responses from the other four neurons were associated with MGC lcPNs by virtue of the presence of a cell body stained with either neurobiotin or Lucifer Yellow located in the AL lateral cluster. A summary of the results is presented in Table 1 .
| Antennal lobe output tracts and protocerebral targets of lateral cluster projection neurons
Results from indiscriminate intracellular staining (Figure 1 ) provided insights into the general anatomical characteristics of moth MGC lcPNs and confirmed many previous findings (Homberg et al., 1988; Rø et al., 2007) . Key characteristics and novel observations are noted below.
| Lateral antennal lobe tract
Staining of several MGC lcPNs in a single preparation revealed projections to a variety of protocerebral targets (Figure 1 ). Some fibers departing through the lateral antennal lobe tract (lALT) formed synaptic contacts as they exited the AL in an area identified as the isthmus and previously reported in M. sexta (Homberg et al., 1988) and . Blends containing both of these odorants did not appear to enhance or reduce the response compared to either odorant presented singly (morphology: Figure 5c ). See Section 2 for notes on different mixtures used. NT, not tested; Hv, Heliothis virescens, Hs, Heliothis subflexa H. virescens (Rø et al., 2007) (Figure 1b) . In this specimen, the lALT was observed to split around the great commissure (GC) and gave rise to ventral (lALT-v) and dorsal (lALT-d) pathways. As previously reported, there existed a particularly strong projection originating from lALT-d fibers turning lateral of the pedunculus (PED) and proceeding dorsally alongside the α lobe (αL) of the mushroom body in the superior intermediate protocerebrum (SIP) (an area labeled as the "column" by Ian, Zhao, et al., 2016) . These neurons were identified as type Pl_a_uni by Ian, Zhao, et al. (2016) , after Homberg et al., 1988) .
We refer to this type of lcPN as Pl-d_a(MGC). A few fibers continued (Ito et al., 2014) . These neurons were identified as Pl_e type by Ian, Zhao, et al. (2016) and bear some similarity to the POc neuron type first described by Homberg et al. (1988) (Ito et al., 2014) .
| Mediolateral antennal lobe tract
Staining of the mlALT tended to be less prominent than the lALT, a finding consistent with a previous study estimating fewer axonal fibers in this pathway (Homberg et al., 1988) . mlALT MGC lcPNs (Figure 1c ). This type of neuron corresponded to Pml_a neurons identified by Ian, Zhao, et al. (2016) (equivalent to PM neurons in Homberg et al., 1988) . We refer to these neurons as Pml_a(MGC) and note that they did not project to LH (unlike PNs with dendritic arbors in ordinary glomeruli, Ian, Zhao, et al., 2016 ) but more medially as described for MGC PNs (Homberg et al., 1988) .
3.2 | MGC lcPN neurophysiology and morphology Figure 4 , that is, axons followed the lALT-v pathway with a birfurcated arbor anteromedial of the LH defining the ΔLP region. These neurons also exhibited a short projection overlapping with the area of lALT-d neurons (double arrowhead). Note that in both cases, the Pm_a(MGC) neuron lateral terminals also exhibited two main branches (arrows) extending into the same protocerebral ΔLP areas as the arborizations of the Pl-v_e(MGC) neurons and through them (projection into anterior ventrolateral protocerebrum, AVLP, single arrowhead; projection into α lobe area, *). In one preparation (a,b), the physiology of a single neuron was captured (Figure 2a, cell #4 ). This neuron responded robustly to presentation of Z11-16:Ald with similar responses to various mixtures containing this odorant. Scale bar = 100 μm, same for all images. AN, antennal nerve; d, dorsal; me, medial; a, anterior; p, posterior [Color figure can be viewed at wileyonlinelibrary.com] resulted in an elevated peak action potential frequency compared to Z11-16:Ald alone. A further two PNs exhibited responses that were enhanced (elevated excitation and/or improved temporal resolution of odor pulses) (Figure 6b ).
| Blend enhanced MGC lcPNs
Morphology
In two preparations MGC lcPNs were labeled. In a H. subflexa male a single Pl-v_e(MGC) neuron was stained (Figure 7 , physiology Figure 6b, cell#2) . This PN exhibited similar morphological features to those lALT-v neurons described above for Single Odorant MGC lcPNs.
In one H. virescens male, multiple neurons were stained in both the lALT-v, type Pl-v_e(MGC), and lALT-d, type Pl-d_a(MGC) and a direct link between physiology and morphology could not be established (Figure 8 , physiology recorded from one PN: Figure 6a, cell#1) . In this preparation, a contralateral projection of a MGC lcPN was also observed (Figure 8b ,c) with a morphology similar to neurons previously reported in Agrotis segetum (Wu et al., 1996) and H. virescens (Ian, Zhao, et al., 2016) . The axon of this PN followed the lALT-v ipsilaterally with no apparent synaptic contacts in the isthmus or along the ipsilateral process (Figure 8c ). After passing ventral of GC, the axon turned back toward the midline and appeared to send a process dorsally to make contact with the outer margin of PED. The main axon continued toward the midline dorsal of the central body and a thin process emerged from it just before the midline. This process projected dorsally into the target area of Pl-d_a(MGC) neurons in SIP alongside αL and blebby processes indicated synaptic contacts in this area. This neuron had a generally symmetrical appearance but the contralateral projection ran both ventrally to the isthmus and dorsally toward PED along the lALT-d pathway. Swellings along the contralateral ramifications indicated the presence of synaptic connections in these areas (Figure 8c) . Ian, Zhao, et al. (2016) categorized this neuron type as Pl_a_bi ("bi" for bilaterally symmetrical). However, because the example reported here proceeded ventral of GC with no apparent synaptic boutons along the ipsilateral axon it more closely resembled Pl-v_e(MGC) neurons and, as such, we identify this neuron as type Plv_e(MGC)_con ("con" for contralateral because the neuron was not bilaterally symmetrical, Table 1 ). FIGURE 5 MGC lcPNs projecting via the mlALT to the lateral protocerebrum, type Pml_a(MGC), were less commonly encountered, likely indicative of the smaller number of neurons associated with this tract (Homberg et al., 1988) . In these two H. virescens male preparations, arborizations within the AL were barely visible. (a) in this preparation, a Pml_a(MGC) neuron and local interneuron (LN) were both weakly stained with Neurobiotin. Arborizations of the Pml_a (MGC) neuron were associated with the cumulus (Cu) and dorsomedial glomerulus (DM). The neurite of this neuron is indicated by an arrow (brighter neurite originates from the LN). Recordings from two lcPNs revealed responses to a single odorant, Z11-16:Ald, but presentation of blend stimuli resulted in either higher frequencies of action potentials and/or more accurate following of the pulsatile stimulus (morphology: Cell#1, lateral soma; cell#2, Figure 7 ). (c) Two lcPNs either lacked or showed minimal responses to delivery of individual odorants but were clearly activated by pulses containing blends (morphology: Cell#1, Figure 9 ; cell#2, lateral soma). See Section 2 for notes on different mixtures used. NT, not tested; Hv, Heliothis virescens, Hs, Heliothis subflexa
| Blend only MGC lcPNs
| DISCUSSION
The existence in moths of parallel pathways for olfactory information to the protocerebrum is consistent with studies on olfactory processing in other insect taxa including fruit flies and honeybees (Galizia & Rössler, 2010) . As reported elsewhere (Kanzaki et al., 2003; Rø et al., 2007; Ian, Zhao, et al., 2016) , we confirm in moths that the aspect of this pathway directly connecting the AL with the lateral protocerebrum originates with olfactory PNs having cell bodies located in the lateral cell cluster of the moth AL. In addition to the varied morphological features of these neurons (summarized in Figure 11a ), we document a diversity of neurophysiological response profiles (Figures 2 and 6 ) that contrast with the relatively predictable characteristics of their mostly uniglomerular Pm_a(MGC) counterparts previously documented in H. virescens and H. subflexa males (Vickers et al., 1998; Vickers & Christensen, 2003) .
| Spectrum of olfactory information conveyed by MGC lcPNs
Based on the limited available data at the time, Baker and Hansson (2016) proposed that the MGC lcPNs exiting the AL via the ml-and l-ALT pathways relayed "chromatic" information (i.e., activity dependent on presence of a behaviorally active pheromone blend) to the lateral protocerebrum but suggested that these neurons exhibited poorer temporal resolution of pulsatile stimuli compared to Pm_a (MGC) neurons. They postulated a role for these neurons in activating circuits that drive longer-lasting moth flight behaviors such as counterturning (Kennedy, 1983) . The current study makes it clear that the response profiles of these neurons span from achromatic (similar responses to a single odorant and blends) through blend synergist (responses to a single odorant improved by stimulation with a blend)
to fully chromatic (only blend elicited activity). However, the results of the current study also demonstrate that the temporal resolution A. segetum: Hansson et al., 1994) . We noted that dendritic glomerular aborizations of MGC lcPNs in the moth AL were often sparser than the dense uniglomerular arborizations of canonical Pm_a (MGC) neurons. This morphology is consistent with observations from the fly (Strutz et al., 2014; Tanaka, Endo, & Ito, 2012) and may indicate a distinct synaptic connectivity.
The current study confirms that pheromone-responsive moth lcPNs in heliothine moths contribute to the lALT and give rise to ventral and dorsal pathways that separate around GC (Ian, Zhao, et al., (described in Drosophila, Aso et al., 2014) (Ito et al., 2014) . MBONs connect with the intrinsic MB neurons, Kenyon cells, that receive inputs from Pm_a(MGC) neurons. The projections of lALT-d lcPNs within SIP thus suggest indirect interactions between the mALT and lALT pathways. In addition, loose fibers extend from the anterior optic tubercle, itself a large optic glomerulus, which receives input from optic lobe neuropils (medulla and lobula) into SIP although it is unclear whether these neurons actually terminate in SIP (Ito et al., 2014) .
Hence, similar to ΔLP, in SIP, there is a potential confluence of olfactory information from the pathways segregated at the AL level in close proximity to potential visual inputs. The possible relationships between different pathways are represented schematically in Figure 11b . Another factor in considering integration of signals in the protocerebrum be they olfactory-olfactory or olfactory-visual relates to the distance along the various pathways to terminal synapses. The lALT pathway to the ΔLP is considerably shorter than that taken by PNs projecting through the mALT. It is conceivable that signals from MGC lcPNs arrive at target neurons in advance of excitatory inputs from Pm_a(MGC) neurons and this timing difference could play a role in modulating activity in these higher centers.
| INHIBITORY lcPNS
In D. melanogaster the functional equivalent of neurons with cell bodies in the moth lc appear to be split into two separate cell body clusters, the vc housing inhibitory GABAergic PNs (iPNs) and a dorsolateral cluster (dl) containing inhibitory LNs (iLNs) (Tanaka et al., 2012) . Immunocytochemical studies in moths have shown that about 30% of lc somata were GABA immunoreactive (M. sexta: Hoskins, Homberg, Kingan, Christensen, & Hildebrand, 1986; H. virescens: Berg, Schachtner, & Homberg, 2009 -assuming a total lc population of about 900 neurons in both species), whereas in B. mori 80-90% exhibited GABA immunoreactivity (Iwano & Kanzaki, 2005) . These reports concurred that dendritic staining in the MGC was sparser compared to ordinary glomeruli and considerable GABA axonal staining was only visible in mlALT. In M. sexta and H. virescens GABA staining was noted in some lALT axons and only about two fibers in mALT (Berg et al., 2009; Hoskins et al., 1986) . Similarly, most fly iPNs exit the AL via the mlALT (iPNs) and project to the LH and VLPN (Tanaka et al., 2012) .
A third cell cluster situated anteriodorsally (ad) of the AL in D. melanogaster harbors primarily uniglomerular excitatory, cholinergic PNs (ePNs), the functional equivalents of moth mcPNs that similarly exit the AL via the mALT. As in moths, the initial primary target of the fly ePNs is the CA before progressing to final terminal arborizations in LH. Recent studies into the functional role of fly iPNs and their potential interactions with ePNs have reached a variety of conclusions about the role of these neurons in processing odorants either associated with food and/or conspecifics (Liang et al., 2013; Parnas, Lin, Huetteroth, & Miesenböck, 2013; Strutz et al., 2014; Wang et al., 2014) . A synthesis of these results into a consensus understanding of mlALT iPN circuit connectivity and function in the protocerebrum has yet to emerge.
In this study, only two neurons were stained with a projection through the mlALT and mass staining previously confirmed that this pathway is comprised of fewer fibers than the lALT in moths (Homberg et al., 1988; , the opposite of the relationship between these two tracts in Drosophila. have been the predominant focus of many previous studies of pheromone processing in moths, it seems likely that the contribution of MGC lcPN output to higher centers has been underestimated.
